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Abstract 
Under ambient conditions, we directly observed NaCl crystals experimentally in 
the rGO membranes soaked in the salt solution with concentration below and far 
below the saturated concentration. Moreover, in most probability, the NaCl 
crystals show stoichiometries behavior. We attribute this unexpected 
crystallization to the cation-π interactions between the ions and the aromatic 
rings of the rGO. 
 
Under ambient conditions, NaCl crystal can be form in the solution with 
saturated concentration on a substrate without matching its lattice. On the  
unsaturated solution crystallizations has been reported by using the laser-induced 
method for Phenylalanine1, glycine2 and NaClO3
3, as well as on a similar substrate 
with matching lattice for PbSO4 and SrSO4
4. Here, under ambient conditions, we 
show a direct experimental observation of NaCl crystals in the rGO membranes 
soaked in the salt solution with concentration below and far below the saturated 
concentration. Moreover, in most probability, the NaCl crystals show abnormal 
stoichiometries behavior. We note that sodium chlorides with different stoichiometris 
have been reported to be thermodynamic stable only at extreme conditions, such as 
high pressure5.  
 
 
Fig. 1. Two-dimensional NaCl crystals of stoichiometries from salt solution with 
far below saturated concentration. (A) Schematic picture of experimental set-up. (B) 
XRD patterns of GO membranes in the solution (3.0M). (C) Ratios of Na and Cl of 
the crystals. (D) XRD patterns of NaCl crystals obtained from the rGO membranes 
immersed in different solution of 2.5 M, 3.0 M, 4.0 M and saturated concentration of 
5.1 M. 
 
Freestanding rGO membranes were prepared from an rGO suspension via the 
drop-casting method (details in Supplementary Information PS1). These membranes 
were then immersed for half hour in 3.0 mol/L (M) NaCl solutions in a PE bag (Fig. 
1A). Next, the membranes with salt solution in the PE bag were analyzed by X-ray 
diffraction (XRD) (Fig. S1). There are many Bragg peaks at diffraction angles (2θ) 
(Fig. 1B). The peaks of ~ 19, 22 and 25 degrees come from the rGO membranes, PE 
bags as well as slides, and the peaks of ~ 37 degree come from the PE bags and slides 
(Fig. S1B-E in SI). Only the peak of ~ 32 degree is a new Bragg peak, which is close 
to the value of 2θ for the {200} surface of NaCl crystal. We note that a single XRD 
peak of the surface is the typical characteristic of two-dimensional materials6. 
Considering that the saturated concentration of NaCl in aqueous solution is ~ 5.1 M, 
these results present that the existence of two-dimensional crystal in the pure aqueous 
NaCl solution with concentration far below the saturated concentration at ambient 
condition. 
The NaCl crystal behaviors in rGO membranes can be observed for the outside 
solution with a wide range of concentrations over 2.5 M. The XRD results show that 
there are still clear new Bragg peaks at diffraction angle (2θ) ~ 32 degrees (Fig. 1D) at 
NaCl concentrations of 2.5 and 4.0 M. In contrast, the Bragg peaks of the general 
NaCl crystal can all be clearly seen when the solution has a supersaturated 
concentration, indicating that a general NaCl crystal nucleation occurs at this 
concentration. We note that the new peaks in the systems with concentration in the 
range of 2.5M to 4.0 M have clearly shifts to the (right) peaks of {200} surfaces of the 
general NaCl crystal (Fig. S1F in SI), indicating that the two-dimensional NaCl 
crystal has the {200} surface slightly different from the {200} surface of the general 
NaCl crystal. 
We used energy dispersive X-ray spectra (EDS) to measure the element contents 
in the rGO sheets (see details in SI). The membranes employed in EDS experiments 
were obtained by first soaking with salt solution, then removal of the free solution by 
centrifugation and drying at 70 °C for 2 hours. We found that the ratios of the Na and 
Cl elements ranged from 2.5 to 9 (Fig. 1C). This is unexpected again since the ratios 
of the Na and Cl elements in the solution is 1:1 and at ambient conditions NaCl with 
the ratios of the Na and Cl elements of 1:1 is the only known stable compound in the 
Na-Cl system. 
Why there is two-diemsional crystallization in the NaCl solution inside the rGO 
membrane soaked in the solution with far below saturated concentration. We attribute 
it to the ion-π interactions between the Na+/Cl- and the aromatic rings of the rGO. Our 
previous MD simulations, incorporated with a force field of hydrated ion-π interaction, 
have shown the enrichment of Na+/Cl- on the graphitic surface solvated in the aqueous 
NaCl solutions7. On the graphitic surface, the hydrated water on the ions may be 
separated due to the strong ion-π interactions, and the accumulated ions form crystals 
(see details in SI). Fig. 2 shows the stable two-dimensional crystal structures on the 
graphitic surfaces based on ab initio MD simulations. However, different from the 
general NaCl structures where the ratio of the Na and Cl elements is always 1:1, the 
ratios of the Na and Cl elements for these two-dimensional crystal structures can be 
1:1 and 2:1. This is consistent with the experimental observation on the element 
contents in the rGO sheets. 
 
Fig. 2 Density functional theory computations of the Na-Cl crystal structures on 
the graphitic surfaces. The stable optimized geometries with the ratios of 2:1 (A) 
and 1:1 (B) of the Na and Cl elements on the graphitic surfaces. Spheres in cyan, blue 
and yellow represent C atoms, Na+ and Cl−.  
 
In summary, we observed NaCl crystals experimentally in the rGO membranes 
soaked in the salt solution with concentration below and far below the saturated 
concentration under ambient conditions. Moreover, in most probability, the NaCl 
crystals show multi-stoichiometries behavior. We attribute this unexpected 
crystallization to that the cation-π interactions between the ions and the aromatic rings 
of the rGO. The finding enriches our understanding of the crystallization as well as 
the structures of the crystals. 
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